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Overview

e Introduction to HERA

e Inclusive DIS & Structure Functions

— formalism

- HERA results
e High Q? & Electroweak Physics

* QCD: Jet Physics, Heavy Flavour Production
* Beyond the Standard Model

o (Diffraction)
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Collider Types

_ _ e c — e ——
—_o o—— — ¢ ¢ € ¢ — — ¢ g ——
ete pp* ep

+ clean 1nitial and + high energy + unique 1nitial state

final state : :
— complicated final  + electron as probe of

+ small background state proton structure

— limited energy — large background - two accelerators

* LEP (200 GeV) e Tevatron (2 TeV) ¢ HERA (300 GeV)
ILC (1 TeV) LHC (14 TeV)
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HERA & 1ts Pre-Accelerators

Hall North

circumference: 6.3 km bunch crossing rate: 10.4 MHz
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Collected Luminosity

e HERA operated 1992-2007

—— electrons 4 °®

Status: 1-July-2007
400 — =

— poskron | lumi upgrade in 2001

low E

300 — higher luminosity

— e polarization
200 -

H1 Integrated Luminosity / pb™

— detector upgrades

" e intotal ~500 pb™' of high
energy data collected per
experiment

100 -

0 500 1000 1500

Days of running

e ]Jast months devoted to low e
energy
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ZEUS Detector

tracking detector

magnet coil

calorimeter

muon system =
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H1 Detector

tracking detector

= calorimeter

magnet coil

muon system
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Schematic View of the H1 Detector

Central Tracking System

Silicon

Forward Tracking Detectors

Digital Muon
System \
\\\ﬂ
el
0
’f“

Toroid
FDI‘“’al‘d Solenoid

Muon System

Liquid Argon SpaCal
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Physics Topics at HERA

expected not (so) expected
® proton structure * exotics (beyond the
— structure functions standard modell)
— parton densities - SUSY
— alpha_s - leptoquarks

* photon structure

e perturbative QCD * diffraction

— jets
— heavy quarks

e clectroweak

Katja Kriiger Physics @ HERA 10



ep Scattering &
Structure Functions

Katja Kriiger
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Elastic Electron Scattering

variables:
e (k)

* q =k-¥K >

¢ Q®=_¢
=4 E E'sin’(0/2)

B E
1+(2EIM)sin’(012)
2> only one independent!

.E’

do 4w’z , &

dQ2: JOS E

Coulomb- recoil
Potential ~1/r

e' (k')

particles
stays
intact

mass M,
charge z,
spin 0
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Elastic Electron Scattering: Cross Section

* Mott Scattering: electron on a pointlike
charged particle with spin O

do E' ’
d0’ lye O

* Dirac Sacttering: electron on a pointlike
charged particle with spin 2

.0
COS —
2

2
41T X

d d ©, ?
02 = 02 l1+27tan"—| with T= O >
d Q Dirac d Q Mott 2 4 M
e electron on proton: ,,form factors™ needed: _
d d G20+ 1G: (0 O
0_2 _ 0_2 E(Q ) M(Q )—|—2T GL(Q2) tan2_
d Q ep d Q Mott | 1 TT 2

> protons are not pointlike!
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Electric Form Factor of the Proton

* describes the charge distribution in the proton
(Fourier transform)

e measured:
-G (0)=1
- G, (0)=2.79 3
Q2
-G.(0%), G, (0°) « [1+
Q) Gyl 0.71 GeV>

> elastic scattering only import at low Q?
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Inelastic Electron Scattering

variables:
e q =k-kK
° QZ =_q2
e s =(P+k)’

* W=(P+q)
=M?+2q-P - Q?

ey =qP/kP

2 two independent!

elastic: W =M inelastic: W > M
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Inelastic Electron Proton Scattering

| 5 | [ 3
* inelastic scattering: _-\ :
A . W=2 GeV i
‘ﬁ7>M A\ x - W=3 GeV ‘
p ‘ s —— W=3.5 GeV
* ratio to Mott cross section
. 2
nearly flat in Q c
=

b .
vV OE \ -
SLAC-PUB-gﬁo - \ -1,

(2) ana (1) - N
OBSERVED BEHAVIOR OF HIGHLY INELASTIC 5 \
ELECTRON-PROTON SCATTERING 0 " \E\LASS;‘JLCTTERING -
M. Breidenbach, J. I. Friedman, H. W. Kendall \ :
Department of Physics and Laboratory for Nuclear Science, * \

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 — \\ B
E. D. Bloom, D. H. Coward, H. DeStaebler, To [ A R E— l ] L >
J. Drees, L. W. Mo, R. E. Taylor 0 ] 2 3 4 5 6 7

Stanford Linear Accelerator Center,} Stanford, California 94305 o
2
q< (GeV/c)
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Deep Inelastic Scattering (DIS)

e deep: Q2>Mp k'=(E',0,E'sin0_,E' cos0)

e inelastic: W > Mp

>

k=(E,,0,0,-E,)

attention
0,=m—0

e for HERA: m¢, M, << W

— neglect me, M,,

- s=4E,E;
| P=(E,,,0.0.E,)
- Q’=2E_E',(1+cos6,) b

6-296 \
2

€

- W=yvs —Q?

e one more variable: x = Q?/ (2 P-q) = Q?/ys
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DIS: What 1s x?

k'
" x can be interpreted as the
> momentum fraction of the
struck parton of the proton:
Py
P’ =q+xP
(q+xP)* = —Q°+2xq-P+(xP)’
P (q+xP)* = (xP)’
2q-P
-2
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Structure Functions F, & I,

e the DIS cross section can be written as

Lo _Ame 1) p Q)+22 F\(x,0)
— — — <4 X X,

dxdQ® Q' x d
4o’ 1 E Y C .. ,0
— 7 ~ F,(x,Q") cos E+2x2Mi 2xF1(x,Q)s1nE

e comparison with Dirac formula

do ? 2@ Q2 . 2@
COS —+ >SN ——
dO’ 2M

E !
E

41'(0(2z2

4
Dirac Q

> F, corresponds to electric field of the parton

2 F, corresponds to spin of the parton
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Parton Spin

e parton spin V2: 2 x F,=F, (Callan Gross)
e parton spin O: 2xF, =0
0.3 I | | I T T F |
v— Pralon
1 oz ’ A partons
% ol “ + * - have
.
o ' | > 1
3§ 1 . spin V2
Lot i P
Mo ol { -
~0.2 | | ] ] ] | | |
‘ 2 4 6 8 10 12 14 16 18
o2 (Gev?)
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(Naive) Quark Parton Model

* proton consists of 3 A
partons, identified with

the QCD quarks

* during the interaction 2p
proton 1s ,,frozen*

* clectron proton scattering
1s sum of incoherent
electron quark scatterings

* proton structure 1s defined
by parton distributions 2\ _ 2
Fy(x,0%)=x2 e;q(x)
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Scaling: F, independent of Q?

WFZ SLAC 1972

, + 6° o 18°
0.5 ~ X 10° A 26°

Lo dpee oy

0.2 |+

o.l |

0 A 1 L ] 1 1 L ]
0 2 4 6 8
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Fo(x,Q%)

—

0.5

Scaling Violations

T

Deuteron

x=0.008
A SLAC
O BCDMS . "(:gjg;z'j
X:0.0175
{x 2.5)
x=0.025
¢ (x 2.0)
¢
x=0.035
(x 1.5)
s x=0.050
+ (x1.2)
*

L L L 1.l

Q2 [(GeV/c)?)

Fy(x,Q%)

—

0.1

® NMC
A SLAC
O BCDMS

T T i

el L

Lol

Deuteron .

x=0.50
(x 1.0)

11 1§11} 1

L1 i 111

1

10

Q2 [(GeV/c)?)
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Parton Evolution

* number of partons changes with Q?

* (Q’ can be interpreted as resolving power: onc(h/ ?\)2

2.
(6 N small Q<
i q, Intfuitive e many partons with large x

" picture

.

* (nearly) no partons at low x

large Q2

* less partons with large x

* more partons at low x
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P
3lo§ Q

DGLAP Evolution Equations

9.(,d)
9(x Q)

—

X

e

i1
-

|7

‘}f} i

7

i

%

A

®

94.(x,Q)
g s

P foo@d = 2 R fy, Q)

* (Q? dependence of quark densities q(x,Q?) and
gluon density g(x,Q?) is predicted

* no prediction for the x dependence —» 1nitial

condition needed
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HERA Kinematic Range

< 10 5

/ GeV

2
T

HERA Standard DIS
HERA ZEUS BPT
vt HERA Shifted Vertex

dN U

Fixed Target Experiments

ncw 10 2

2
‘:“-’:{éu.-fnf/u s /

T
Ty
i

i ;f/ crss ‘;i_ln‘_,v’.v'-f‘,a'y"";':"'-'f:f-'-' ,"
5 i B B0 o A A i !
I A

7 AL 1 i

I LTI 1 '

) P f Ly
1 W =X
. !

NSl

Katja Kriiger Physics @ HERA 26



Events 1n Different Regions

|
T
T = 5
p, + 10 7 ¢
= | Z g
L T ' ‘2
\ | [ HERA Standard DIS Y
4| &
IN| 1 HERAZEUSBPT &
o
U/l HERA Shifted Vertex & P
< o
R 3 Fixed Target Experiments Q—YV 3
7 10 g

Q%2 =0.25GeV2  y = 0.38

7
)

7
i

)

7
)
Iy
L

SN

0.4 GeV 8.9GeV L
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F, vs. Q°

HERA 1 ¢'p Neutral Current Scattering - H1 and ZEUS

e HERA data cover @ o
R F e x = 0.000032, i=22' ® HERAI (prel)
. SN IR A0 X 00008, 120 O Fixed Tar et.
ugce rangc < 0%, . g
g g . = %"., "t 2000020, 1 ——  HI 2000 PDF
Sordersin Q*and " T o
e d T s
. 104 W x = 0.0020, i=13
4 orders 1n x e oeneemeb S
| o I
* approximate PRI | v - o
& o S0 yme-en - x = 0.05, i=6
scaling at large x PR
- L x:;)’.IS, i=3
. L e a x = 0.25, i=2
* clear scaling -
10 & ) x = 0.40, i=1
violations at i ST |
10 = E = x = 0.65, i=0
Small X 10_3 | L1 flxed target | L1 \HH‘ | L1 \HH‘ | I I |
1 10 10° 10° 10* 10°
Q’/ GeV’
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F2 VS. X

+ . + .
HERA 1e"p Neutral Current Scattering - H1 and ZEUS HERA 1e p Neutral Current Scattering - H1 and ZEUS
Nﬁ N 2 2 N 2 2 N N 2 2 Nf_" 2 [ [ [ [
o Q' =15GeV" Q =2GeV Q =35GeV o | Q%=150 GeV? | Q*=200GeV? I Q*=250GeV? | Q=300GeV?
£ - £ - : :
b-‘ L ...'. b-‘ i B B N
. " i i i
0 sl el vl vl el vl il ol vl ol il vl il oMl sl ol 1y 0 I ol Nl Lol ol il .
Q' =45GeV" Q=65 GeV* Q' =85GeV" Q' =10GeV* | Q@*=400GeV’ | Q°=500Gev’ | Q’=630GeV’ |  Q’=500GeV’
. ; i i i i
Lr - - - = 'r n - n
L L L L 2 L L L L
L L L L 0
[ [ [ [ =1¥] - - - [
0 IHII| ||||| IIIH‘ |H||I| il ||||| IIIHI| 1l IIJ HIIIIl 111 |||||| IIHIl ||||I| \IIIIIl L1l |||||| IIIIH‘ HIIIII 1 III L1l E D 1l I‘ | EEERIT 111 1111 II‘ 1 \IIIIHl 1 L1l | 1| II\Hl 111 IR 11 I\Ill 11
B S12GeV [ Q@P=15GeV: [ Q'=18GeV' [ Q@ =22GeV’ 5 [ Q?=1000GeV | 0?=1200GeV [ QP=1500GeV? | Q= 2000GeV?
- - - - =
b r o o 2 r N N N
L L L L 2 L L L L
: : : : : \
L [ [ L =}
0 L IHII| II,II| IIIH‘ I\Ilgl il 7||||| III\,\Il 1l IIJ HII!' 11l | |||||| II,HIl ||||I| \Illgl 11l 7|||||| IIIQ\‘ HIIIII ] 2‘ L1l % 0 — il I‘ IR 1 11 | II‘ 1 \IIIIHl ] S i | 1| II\Hl 1 11 1 111 11 HI|| 11
QT =21GeV:  F QP=35GeVT | QP=45GeV" [ Q' =60GeV’ E L . b , b , s
B B B B £ | Q7=3000GeV? | Q=5000GeV’ | Q'=8000GeV’ [  Q=12000GeV’
- - - i g 05 — — —
1+ - - - @ g - g :
- - - - <
3 i i P
- - - - m | | N L
0 el cod vl vl Nl oo vl vl vl N vl vl v ol O o o ol ol o T 0 cond vl el vl el vl vl el el 0
- 2 2 F 2 2 - LR 2 107 0% - 5 S+ 5 5 2 -L 2 -1
L Q =70GeV L Q" =90GeV L Q™ =120 GeV X | Q°=20000GeV- | Q" = 30000 GeV~ 10 10 10 10 X
1 L L L ® HERAI (pel) 02 L ® HERAI(prel)
- : - —  H1 2000 PDF i i - ;é Sgﬂj)EE’F[;F
R - s — ZEUSJETS i i i
0 IHII| ||||| IIIH‘ |H||I| 1l ||||| IIIHI| 1l IIJ HIIIIl L1l |||||| IIHIl ||||I| \IIIIIl L1l 0 = 1 III‘ L 111 —1 ||| II‘ 1 \IIIIHl 1l
10 1ot 107 10 107 10t 2 n N 1
X 10 10 10 10 X

strong rise towards low X, steepness rising with Q?
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Hadrons vs. Partons

Faex ' x<0.01

F | o 0
2 2 S F, = cx™, x<0.01
B Q\=70 peV = i , = cx, x<O0.
| 0.4 % ZEUS slope fit 2001 prel.
B | ' A H1 svtx00 prel. + ZEUS BPT
1 L . ® H1 svtx00 prel. + NMC 11 -
B | - H196/97 + H1 svtx00 prel. !
B | 031 e H196/97
i | : ;
0.2 | |
0 RITEINT _|3|||! BT _|1| B N
10 10 || [ Igi 2 /a2
/: 1 * ----- extrapolation
0.08 correponds to I ST U
) ° 10" 1 10 107
hadron-hadron scattering @ JGov?

\
transition from hadronic to partonic bahaviour
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